The hallmarks of the human brain are its extraordinary degree of cellular diversity, capacity for synaptic and neural network connectivity and plasticity, and intellectual abilities. Ongoing efforts have sought to better understand this hierarchical organization and the molecular, cellular, and environmental mechanisms responsible for generating it. The completion of the Human Genome Project and the continuing characterization of functional genomic elements (tissue-specific promoters, enhancers, and alternative exons) represent prime advances toward this goal. 1, 2 This postgenomic era has been defined by the rise of epigenetics-the scientific discipline focused on interrogating how genomic processes, such as gene transcription and DNA replication and repair, are mediated in different cellular contexts.
Epigenetics promises to provide insights thatwillhelpanswerseminalquestionsabout the human brain. How did it evolve? How does the human genome encode neural cellular diversity? How do genetic factors and environmental stimuli interact to promote synaptic and neural connectivity and plasticity?Howdocognitiveandbehavioraltraits emerge? Most importantly, what mechanisms are responsible for the pathogenesis of complex neurological diseases?
Further, the rapidly emerging era of highly personalized epigenetic and epi-genomic medicine is poised to radically transform diagnostic and therapeutic strategies for neurological diseases and to deliver innovative treatments to promote neural protection and repair.
THE ERA OF EPIGENETICS

Revolutionary Insights
Among the most important insights to have emerged is an appreciation for chromatin organization in regulating genomic function and establishing cellular memory states. Chromatin refers to the packaging of the genome within the cell nucleus. DNA is wrapped around a histone protein octamer, forming a fundamental chromatin structure, the nucleosome. Chromatin states play central roles in coordinating the accessibility of DNA sequences to factors in the nucleus mediating critical cellular processes, including gene transcription. Nucleosomefree regions represent DNA actively engaged in regulatory and other functions. These regions can be identified, experimentally, by their relative hypersensitivity to nucleases (DNase I). 3 Higher-order chromatin exists as relatively open (euchromatic) or highly condensed (heterochromatic) structures. Euchromatin is generally associated with active transcription, whereas heterochromatin is typically found in inactive regions, such as repressed genes and structural components of chromosomes (centromeres and telomeres). Chromatin structure is dynamic and subject to local modification at the level of individual nucleotides, histone proteins, and nucleosomes and genome-wide by higher-order chromatin remodeling. Protein complexes mediate these processes by the capacity to "read," "erase," and "write" specific chromatin states ("marks"). Inhibiting specific chromatinmodifying enzymes is a powerful tool for modulating gene expression programs and a strategy approved by the Food and Drug Administration for select disease indications and now in preclinical and clinical trials for cancer and neurodegenerative diseases.
Chromatin states are intimately linked to the establishment and maintenance of cell identity (Figure 1) Figure 1 . Environmental cues, neuromodulators, synaptic activity, metabolic signals, and stress responses lead to the activation of diverse epigenetic mechanisms, including DNA methylation, histone modifications and chromatin remodeling, noncoding RNA (ncRNA) expression, and RNA editing. In turn, these processes mediate embryonic stem cell (ESC) and neural stem cell (NSC) maintenance and maturation, adult neurogenesis, neural network formation, and synaptic plasticity. Ac indicates acetylation; ADAR, adenosine deaminases that act on RNA enzymes; APOBECs, apolipoprotein B editing catalytic subunit enzymes; AS, astrocyte; C, cytosine; DG, dentate gyrus; DNMTs, DNA methyltransferases; G, guanine; HATs, histone acetylases; HDACs, histone deacetylases; HDMs, histone demethylases; HMTs, histone methyltransferases; LTD, long-term depression; LTP, long-term potentiation; MBDs, methyl-CpG-binding domain proteins; me, methylation; miRNA, microRNA; mRNA, messenger RNA; N, any nucleotide; N1-3, neuronal subtypes 1-3; OL, oligodendrocyte; P, phosphorylation; PcG, Polycomb group proteins; TrxG, Trithorax group proteins; and Ub, ubiquitination.
cellular differentiation proceeds, chromatin becomes more closed, with marks indicative of gene repression, particularly in chromatin associated with pluripotency genes. Conversely, chromatin associated with lineage-specific genes selectively opens and becomes decorated with marks of active gene transcription. Differences in chromatin states explain how the genome gives rise to the plethora of organismal cell types, including the extraordinary diversity of neurons and glia of the human brain. Agents targeting epigenetic enzymes have, therefore, been used to reprogram cell identity and function and may also promote neural regeneration and repair. Another key insight is that the entire human genome is actively transcribed, including regions that code for proteins (Ͻ2%) as well as those that do not. Such noncoding regions give rise to numerous classes of noncoding RNAs (ncRNAs)-a previously unexplored layer within the genome-that are interlaced with each other and with proteincoding messenger RNAs (mRNAs). The identification of large numbers of these ncRNAs embedded within the genome and recognition of their important biological roles directly challenges the central dogma of molecular biology (DNA makes RNA and RNA makes protein).
Noncoding RNAs are far more abundant than proteincoding mRNAs in human cells, particularly in neural cells. They engage in complex interactions with DNA, RNA, and proteins and exhibit a spectrum of sophisticated functions. Certain classes of ncRNAs are implicated in gene silencing whereas others are involved in regulating the activity of retrotransposons. Notably, the expression of ncRNAs is most prominent in the brain and subject to intricate temporal and spatial regulation during neural development, homeostasis, and plasticity, highlighting their significance. 4 In fact, it is becoming clear that noncoding DNA sequences and associated ncRNAs serve as substrates for evolutionary innovations in the human brain. Human accelerated regions represent elements in the human genome that have evolved rapidly since divergence from our common ancestor with chimpanzees. One of hundreds of such regions, HAR1, gives rise to an ncRNA selectively expressed in Cajal-Retzius cells in the developing fetus and implicated in neuronal subtype specification and cell migration in the neocortex.
Epigenetic Mechanisms
The major epigenetic mechanisms include DNA methylation, histone modifications and nucleosome and higherorder chromatin remodeling, ncRNAs, and RNA editing ( Table 1) . DNA methylation refers to covalent modification of cytosine residues to form 5-methylcytosine (5mC). 5-Methylcytosine levels are dynamically regulated during development and adulthood. Enzymes that catalyze DNA methylation are DNA methyltransferases; those that catalyze DNA demethylation include DNA excision repair, cytidine deaminase, and Gadd45 proteins. The presence of 5mC at specific gene loci was previously thought to promote transcriptional repression and long-term gene silencing. However, high-resolution genome-wide studies interrogating DNA methylation reveal that 5mC is distributed throughout the genome (gene regulatory regions, transcriptional start sites, gene bodies, and repetitive elements) and DNA methylation seems to be context specific. The effects of DNA methylation are mediated by methyl-CpG-binding domain proteins, including methyl-CpG-binding protein 2 (MECP2), which bind to 5mC and recruit additional regulatory factors to methylated loci. 5-Hydroxymethylcytosine, another modified cytosine residue generated by the Ten-Eleven Translocation family of enzymes that oxidizes 5mC, appears to counteract 5mC by inhibiting the function of methylCpG-binding domain proteins.
Each nucleosome contains 2 of each core histone protein (H2A, H2B, H3, and H4). Specific classes of histone deacetylases (HDACs) as well as histone acetyltransferases, histone demethylases, histone methyltransferases, and others catalyze histone posttranslational modifications. These enzymes serve as "writers" of posttranslational modifications, thereby altering nucleosome structure and function by modifying interactions with other proteins that "read," "erase," and "write" epigenetic marks. Macromolecular complexes containing various proteins with the ability to simultaneously read, erase, and write epigenetic marks promote nucleosome (SWI/SNF) and higher-order chromatin (Polycomb group and Trithorax group proteins) remodeling. Epigenetic regulatory complexes (repressor for element-1 [RE1]-silencing transcription factor [REST] and co-RE1-silencing transcription factor [CoREST] complexes) can also be highly modular and have functions that range from recognizing specific nucleotide sequences and DNA methylation states to promoting local histone and higher-order chromatin modifications.
Newly recognized classes of ncRNAs are classified as short or long. Salient classes of short ncRNAs include microRNAs (miRNAs), endogenous short-interfering RNAs, PIWI-interacting RNAs, and small nucleolar RNAs. Each class is associated with specific biogenesis pathways, mechanisms of action, and functions. MicroRNAs are the best-characterized class of short ncRNAs. They engage in posttranscriptional gene regulation. Specifically, singlestranded, 20-to 23-nucleotide miRNAs bind to proteincoding mRNAs in their 3' untranslated regions through complementary sequence-specific interactions and prevent translation of these target mRNAs. Importantly, a single miRNA molecule can repress a network of mRNAs. Long ncRNAs (lncRNAs) are the most abundant but least well-characterized class of ncRNAs. The most common strategy for analyzing lncRNAs is to study their genomic context relative to protein-coding genes. Some lncRNAs are derived from intergenic regions (long intergenic/ intervening ncRNAs). Other lncRNAs are transcribed in antisense or overlapping orientations relative to proteincoding genes, and these transcripts are often functionally interrelated. For example, expression of a proteincoding mRNA might be specifically regulated by an antisense lncRNA from the same genomic locus. Nevertheless, lncRNAs are highly versatile with a spectrum of novel activities. These include roles in recruiting nonselective transcriptional and epigenetic regulators to specific loci distributed throughout the genome, forming nuclear bodies, modulating nuclear-cytoplasmic transport, and controlling local protein synthesis at synapses.
RNA editing is a mechanism for modifying RNA molecules. Adenosine-to-inosine editing is catalyzed by adenosine deaminases that act on RNA and cytidine-touridine editing is catalyzed by apolipoprotein B editing catalytic subunit enzymes. Intriguingly, cytidine deaminases also act on DNA and are implicated in DNA demethylation pathways (see earlier). RNA editing modifies the information content of RNA molecules and affects their intracellular dynamics. For example, RNA editing can change codons in mRNAs, leading to expression of protein molecules different from those encoded in the genome. This process occurs primarily in proteins involved in neural excitability, such as ion channels and neurotransmitter receptors, and is thought to fine-tune synaptic responsiveness to environmental stimuli. RNA editing also plays a role in controlling the subcellular localization of transcripts. RNAs subject to high levels of editing can be sequestered in nuclear bodies and released in response to specific signals including cellular differentiation, viral infection, and stress. While RNA editing has been studied primarily in protein-coding mRNAs, the majority of RNA editing occurs in noncoding regions. Lastly, RNA editing is much more pronounced in the human brain than in other organ systems and other species, highlighting its responsiveness to environmental stimuli.
EVOLVING EPIGENETIC LANDSCAPE OF BRAIN
A broad range of studies has focused on elucidating how epigenetic mechanisms together coordinate brain development and functioning throughout the life span, including neural stem cell maintenance and differentiation and synaptic plasticity underlying learning and memory.
Each epigenetic mechanism contributes to the establishment and maintenance of neural cell identity. In fact, the appropriate expression and integrated functional repertoires of DNA methyltransferases, methyl-CpGbinding domain proteins, histone-and chromatinmodifying enzymes, and ncRNA biogenesis factors are necessary for mediating neurogenesis and gliogenesis. Moreover, as embryonic stem cells differentiate into neural lineage-committed progenitors, hundreds of gene promoter regions are methylated, including those associated with pluripotency and alternative lineage genes. These DNA methylation events are responsible for silencing these genes, thereby promoting neural lineage commitment. Histone modifications and chromatin remodeling are similarly involved in establishing neural cell identity. For example, the developmental stage-specific deployment of REST and CoREST complexes modulates neural lineage elaboration, including neuronal and glial subtype specification, and terminal differentiation. In terms of ncRNAs, both miRNAs and lncRNAs regulate neural stem cell selfrenewal and differentiation programs. The balance between specific miRNAs is implicated in the execution of these programs. For example, miR-184 promotes neural stem cell proliferation and inhibits neuronal differentiation, whereas miR-9 and miR-137 inhibit neural stem cell proliferation and promote neural differentiation. Other miRNAs, including miR-125b, miR-128, miR-132, miR-134, and miR-138, are associated with neuronal maturation and neural network integration. Long ncRNAs also influence the establishment of neural cell identity. For example, mice lacking the Dlx6 antisense RNA 1 (Dlx6as1) lncRNA have reduced numbers of GABAergic interneurons selectively in the postnatal hippocampus and dentate gyrus, because Dlx6as1 regulates the expression of DLX5 and DLX6, key transcription factors responsible for the development of GABAergic interneurons. 5 Epigenetic mechanisms also underpin synaptic plasticity (long-term potentiation and depression) and learning and memory. Each epigenetic mechanism is responsible for regulating genes critical for learning and memory, such as brain-derived neurotrophic factor and cAMP responsive element-binding protein. In parallel, these mechanisms can themselves be deployed in response to synaptic activity. Indeed, DNA methylation levels, histone posttranslational modification profiles, ncRNA expression patterns, and RNA editing in hippocampal neurons all vary with memory consolidation and storage. Animal models have also demonstrated the importance of specific epigenetic factors in mediating cognitive and behavioral phenotypes. These exciting studies suggest that modulating the expression and function of epigenetic factors can modulate these processes. For example, Dnmt1 and Dnmt3a double knockout mice exhibit decreases in DNA methylation selectively leading to abnormalities in plasticity in the hippocampal CA1 region and impairments in learning and memory. Furthermore, the DNMT3A2 isoform is involved in age-associated cognitive decline, and upregulation of DNMT3A2 seems to restore cognitive function in mice. 6 Similarly, abnormalities in HDAC2-mediated acetylation of histones associated with genes involved in learning and memory contribute to cognitive symptoms in neurodegenerative diseases, such as Alzheimer disease, and they can be rescued by inhibiting HDAC2 activity.
PARADIGMS LINKING EPIGENETICS WITH NEUROLOGICAL DISEASE PROCESSES
Here, we describe several distinct but nonmutually exclusive paradigms linking epigenetic machinery and mechanisms with neurological disease states ( Table 2 and Figure 2) . Mutations in genes encoding epigenetic factors can cause neurological disease. Among the most salient examples is the MECP2 gene, which encodes a multifunctional methyl-CpG-binding domain family protein. MECP2 mutations, including missense, nonsense, frameshift, and large deletion mutations, are the primary causes of Rett syndrome, an autism spectrum disorder. MECP2 mutations are also linked to a severe neonatal encephalopathy, syndromic forms of intellectual and developmental disability, and an Angelman-like syndrome. Mutations in other epigenetic factors are similarly associated with neurodevelopmental disorders. For example, mutations in an increasing array of genes encoding proteins that directly and indirectly regulate chromatin structure cause syndromic and nonsyndromic forms of intellectual and developmental disability. 8 These emerging observations suggest that disruption of epigenetic networks is one of the principal pathogenic mechanisms underlying intellectual and developmental disability. Mutations in genes encoding epigenetic factors also promote the onset and progression of various forms of cancer, including primary brain tumors. Recent studies have detected a strong association between mutations in the epigenetic machinery-particularly in factors mediating histone lysine (de)methylation-and medulloblastoma. 9 These findings are consistent with the observation that the cellular functions of lysine methylation, including roles in regulating cell identity, DNA repair, cell cycle, stress responses, and transcription, are all known to be deregulated in cancer, in general, and medulloblastoma, in particular. These studies implicate many novel genes in medulloblastoma pathogenesis and also correlate specific gene mutations with subgroups of tumors with distinct histological and clinical features, suggesting significant diagnostic, prognostic, and therapeutic value in further characterizing these epigenetic targets.
Genetic variation in genes encoding epigenetic factors can modify the risk of neurological disease onset and progression. For example, in patients with multiple sclerosis, single-nucleotide polymorphisms (SNPs) in 3 HDAC gene loci-rs2522129 (SIRT4), rs2675231 (HDAC11), and rs2389963 (HDAC9)-are correlated with brain volume measurements on neuroimaging, markers of disease severity. 10 In another prominent example, a large genome-wide association study performed by the International Stroke Genetics Consortium demonstrated that a SNP in an intron of the HDAC9 gene (rs11984041) on chromosome 7p21.1 is associated with risk of largevessel ischemic stroke (odds ratio, 1.38; 95% CI, 1.22-1.57).
11 Although the precise pathogenic molecular mechanism is still unclear, HDAC9 is known to play numerous roles in developmental programs and adaptive responses across many organ systems involved in the pathophysiology of atherosclerosis and stroke. Given its intronic location, the effect of this SNP might not simply manifest via the protein-coding gene in which it is embedded. Rather, the risk of large-vessel ischemic stroke might be modified by the effect of this SNP on 1 or more ncRNAs derived from the same locus. Indeed, it is well documented that SNPs within disease-linked genomic loci harboring both protein-coding genes and ncRNA genes can modify disease risk via effects on ncRNA genes. For example, CDKN2B-AS1, also known as ANRIL, is an antisense lncRNA transcribed from the CDKN2B-CDKN2A gene cluster on chromosome 9p21.3. A casecontrol study demonstrated that SNPs at this locus, including those that preferentially influence expression of ANRIL transcripts, modify the risk of large-vessel ischemic and hemorrhagic stroke and, independently, the risk of recurrent stroke and cardiovascular mortality. 12 Emerging data suggest that ANRIL interacts with other epigenetic regulatory factors, including PRC2, and can modulate gene expression programs underpinning diverse cellular processes (proliferation, apoptosis, extracellular matrix remodeling, and inflammation). Notably, other genome-wide association studies have found that the ANRIL locus is a genomic hot spot influencing susceptibility to other disease states affecting the nervous system and beyond. 13 These observations highlight the interrelated nature of different epigenetic regulatory processes, their impact on critical cellular programs, and their relevance to disease.
Abnormalities in epigenetic factor expression, localization, or function can be involved in the molecular pathophysiology of neurological disease. Convergence between epigenetic factors and disease-associated pathways and proteins, including those that explicitly cause disease when mutated, results in this kind of deregulation. For example, mutations in the huntingtin protein (HTT), which cause Huntington disease, lead to abnormal profiles of REST expression, localization, and function. RE1-silencing transcription factor is upregulated in Huntington disease and clearly contributes to the transcriptional dysregulation that is a hallmark of the disease. Wildtype HTT modulates the translocation of REST into the neuronal cell nucleus by forming a complex with other factors. Mutant HTT alters the conformation of this complex, leading to aberrant nuclear accumulation of REST. 14 In turn, REST-regulated genes, including proteincoding and ncRNA genes, are deregulated in Huntington disease. 15 Other proteins that cause disease are similarly involved in modulating the nuclear-cytoplasmic shuttling of epigenetic factors. The ataxia telangiectasia 16 Deficiency of ataxia telangiectasia mutated leads to neurodegeneration as a consequence of HDAC4 accumulation in the neuronal cell nucleus. Moreover, inhibiting HDAC4 activity or blocking its nuclear localization can rescue the pathological phenotype. Intriguingly, perturbations of the subcellular localization of HDAC1 that occur in response to inflammatory insults disrupt axonal integrity in animal models of multiple sclerosis, and HDAC1 is mislocalized in regions of demyelination in tissues derived from patients with multiple sclerosis. 17 These observations raise the possibility that abnormalities in nuclear-cytoplasmic shuttling of epigenetic factors represent a common pathogenic mechanism for neuronal damage and loss. In addition to interactions with chromatin regulatory factors, disease-associated pathways and proteins also influence ncRNAs. Mutations in leucine-rich repeat kinase 2 (LRRK2) that cause familial and sporadic forms of Parkinson disease compromise the integrity of miRNAmediated translational repression, resulting in deregulation of pathways implicated in Parkinson disease pathogenesis. 18 Inhibiting the expression and function of let-7 and miR-184* reproduces these effects in wild-type LRRK2 cells and increasing let-7 and miR-184* expression levels alleviates mutant LRRK2-induced pathology, suggesting that these miRNAs are key players in LRRK2-mediated Parkinson disease pathogenesis. Other diseaseassociated factors, including fragile X mental retardation protein (FMRP), also act cooperatively with the miRNA machinery. FMRP is an RNA-binding protein with a variety of functions including the ability to serve as a translational repressor for target neuronal mRNAs by interacting with select miRNAs and miRNA effector pathways (RNA-induced silencing complex). These pathways are perturbed in fragile X syndrome and related disorders caused by mutations in the gene encoding FMRP. In addition, disease-linked factors affect lncRNAs. TAR DNAbinding protein (TARDBP/TDP-43) is an RNA-binding protein that forms inclusions in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Interestingly, interrogating the profiles of RNAs bound by TDP-43 reveals that the most significant increases in binding in frontotemporal lobar degeneration-TDP are to nuclear paraspeckle assembly transcript 1 (NEAT1) and metastasisassociated lung adenocarcinoma transcript 1 (MALAT1; also known as NEAT2). 19 These lncRNAs localize to nuclear bodies referred to as speckles (NEAT2) and paraspeckles (NEAT1) that coordinate the execution of posttranscriptional programs within the nuclear compartment. Speckles contain factors implicated in splicing. By contrast, paraspeckles seem to serve as reservoirs for hyper adenosine-to-inosine edited RNAs that are rapidly exported into the cytoplasm in response to cellular stress. The relationship between TDP-43 and these lncRNAs highlights the importance of TDP-43 for modulating posttranscriptional RNA processing and transport in frontotemporal lobar degeneration and amyotrophic lateral sclerosis.
Epigenetic mechanisms can regulate disease-associated genomic loci, gene products, and cellular pathways. By definition, epigenetic mechanisms modulate the entire genome, which includes loci involved in the pathogenesis of every neurological disease with a genetic component. Imprinting is the classic example of this phenomenon. It refers to monoallelic gene expression and is mediated by the effects of DNA methylation, histone and chromatin modifications, and ncRNAs that occur at the imprinted locus in a parent-of-origin-dependent manner. Clinical phenotypes associated with perturbations in imprinting on chromosome 15q11-13 include PraderWilli and Angelman syndromes. Additionally, a rapidly increasing number of studies have focused on identifying differential profiles of DNA methylation and histone modifications associated with disease-linked gene loci (in central and peripheral tissues) and correlating these patterns with corresponding gene expression changes and clinical phenotypes. For example, an expansion repeat mutation in the frataxin (FXN) gene causes Friedreich ataxia, and a provocative study analyzed DNA methylation profiles associated with the FXN gene locus in peripheral blood mononuclear cells and buccal cells from patients with Friedreich ataxia. It found that DNA methylation upstream of the expansion repeat is correlated with decreased FXN mRNA expression and increased disease severity and also that DNA methylation downstream of the expansion repeat is correlated with age at onset of disease. 20 Complementary studies have identified distinct profiles of histone modifications, which likely regulate FXN expression, flanking the mutant FXN expansion repeat in blood as well as the brain and heart, the primary tissues affected in Friedreich ataxia. Another recent study demonstrated that levels of an miRNA, miR-886-3p, are elevated in cell lines and blood samples derived from patients with Friedreich ataxia and that this miRNA plays a role in silencing FXN expression. 21 In addition, epigenetic mechanisms regulate genes and pathways involved in disease processes arising from environmental exposures or genetic and environmental interactions. One study focusing on chronic pain syndromes caused by peripheral nervous system injuries demonstrated that C-fiber dysfunction is mediated by decreased levels of sodium channel, voltage-gated, type X, alpha subunit and opioid receptor, mu 1 expression in the dorsal root ganglion and that REST is responsible for the downregulation of these genes in response to injury. 22 Another study using animal models of chronic pain found that persistent painful stimuli led to downregulation of the glutamate decarboxylase 2 gene (Gad2) in pain-modulating neurons of the brainstem nucleus raphe magnus. Hypoacetylation of histones in the Gad2 gene promoter region was responsible for the decreased expression of Gad2, and HDAC inhibition increased GAD2 protein expression and mitigated pain sensitization. In fact, a plethora of evidence suggests that pharmacological agents, such as HDAC inhibitors, can target genes involved in disease-linked processes including apoptosis, blood-brain barrier function, cell-cycle control, DNA repair, excitotoxicity, heat shock, inflammation, oxidative stress, and neurogenesis and gliogenesis. These drugs have significant potential to modify disease pathogenesis and symptoms and are actively being developed for these purposes.
Differential epigenetic profiles can be present in patientderived central and peripheral tissues. Indeed, a rapidly increasing number of studies have identified differential levels of DNA methylation, histone and chromatin modifications, and ncRNA expression in a spectrum of neurological disorders using patient-derived central and peripheral tissues and animal models. Although the contribution of these aberrant epigenetic profiles to disease processes is sometimes unclear, deregulation of these multilayered epigenetic processes is likely to be responsible, either directly or indirectly, for disease pathophysiology by mediating cross talk between genetic susceptibilities and sex, environment, nutritional states, and aging. These seemingly ubiquitously abnormal signatures may, therefore, have clinical applications as indicators of disease risk, onset, progression, and responsiveness to treatment. For example, the DNA methylation status of genomic repetitive elements in blood correlates with Alzheimer disease and Mini-Mental State Examination scores, stroke and total mortality, and other clinical phenotypes. Moreover, in multiple sclerosis, miRNA expression profiles have been measured in white matter lesions, where they can discriminate between active and inactive lesions, and blood, where they can discriminate between relapsing-remitting and other forms of the disease and patients treated with different therapies (glatiramer acetate and natalizumab) and those who are untreated. 23 The secretion of microvesicles, including exosomes, is one interesting mechanism that might explain why peripheral levels of ncRNAs reflect central disease processes. Microvesicles are secreted by donor cells (neural, immune, and other cell types) into cerebrospinal fluid, lymphatics, and blood. 24 Microvesicles transfer DNA, RNA, and proteins and can actively "reprogram" recipient cells. For example, transferred miRNAs can silence target mRNAs in recipient cells. The majority of miRNAs found in the peripheral circulation are derived from microvesicles, suggesting that these factors are not simply bystanders but key effectors of dynamic centralperipheral signaling. Long ncRNAs are similarly found in microvesicles and their expression patterns are also deregulated in a range of neurological diseases, 25 suggesting that interrogating central and peripheral lncRNA profiles may have diagnostic and prognostic value.
PERSPECTIVES
Epigenetics is a swiftly advancing, but nascent, field. Much of the intricacy and nuance surrounding epigenetic mechanisms is yet to be defined fully. Nevertheless, epigenetics has already revolutionized our understanding of how the human brain evolved and how neural cellular diversity, connectivity and plasticity, and advanced intellectual abilities emerge. There is also an evolving literature focused on discovering whether epigenetics is involved in mediating the risk, onset, progression, and treatment responsiveness of neurological diseases. It is becoming clear from these studies that aberrations associated with epigenetic factors, pathways, and profiles can almost always be uncovered, perhaps not surprisingly given the panoramic scope of epigenetics. The contributions of epigenetic abnormalities to neurological disease pathophysiology range from being primary pathogenic mechanisms, protective responses, or simply passenger phenomena. Herein, we have presented one framework for understanding and inter-preting neurological disease mechanisms in the context of epigenetics and for promoting the development of paradigm-shifting clinical applications. 
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